Wave overtopping is the critical response of most sea defence structures and one of the more important responses for many coast defences around the UK and other developed shorelines. Sea defences in rural areas are commonly provided by embankment seawalls. Steep or vertical seawalls are more commonly used in urban areas to protect against erosion, flooding and local overtopping hazards, and to protect the base of eroding cliffs in urban or rural areas. Vertically faced breakwaters have been common around many European countries, and caisson-type breakwaters are heavily used in Japan. For simple slopes or embankments, overtopping performance can be predicted by simple monotonic empirical formulae. Overtopping of vertical or slightly battered walls is however rather more complicated, with substantial differences in overtopping volumes and velocities depending on the form of wave interaction at or close to the wall. The present paper draws together results from a number of UK and European research projects over the last 10 years. Their results improve and validate prediction methods for wave overtopping discharges and velocities for steep battered, composite and vertical seawalls/ breakwaters. The methods presented herein support, extend and qualify guidance given in the UK Environment Agency overtopping manual. The present paper shows how the use of these methods can now explain why overtopping of some seawalls/breakwaters can be greatest at mid-water level, rather than at the highest water levels. 
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Recent practice in the UK implies that new developments in flood-prone areas should provide protection up to and including the T r ¼ 1/100 year return event for fluvial flooding, but up to T r ¼ 1/200 year return for coastal or estuarial flooding. More complete discussions on performance and funding are given by DTLR in PPG25 2 and the ICE design and practice guide on coastal defence edited by Brampton. 3 For urban areas on exposed coastlines, this requirement is quite onerous, and is usually only satisfied by using the promenade behind the seawall to accept much larger discharges, damping out and returning overtopping flows before they reach vulnerable infrastructure, buildings or people. Most alternative approaches require beach levels to be raised to reduce wave attack.
In rural areas, overtopping safety requirements may be met simply by limiting flood depths/volumes, but for residential or commercial developments in urban areas, the standard of protection may be set by mean overtopping discharge limits derived by reference to damage to buildings or hazard to people. It is generally agreed [4] [5] [6] that the safety of the public close behind a seawall may require that the mean overtopping discharge is limited to q , 0 . 03 l/s per m. Achievement of this low level of overtopping requires significant confidence in the analysis of the overtopping characteristics of urban seawalls.
Along developed coasts, the safety of people using the coastline is of particular concern. In the UK, approximately two to four people die every year being swept off, or falling from, seawalls, breakwaters, natural rock outcrops or beaches. and Allsop et al. 5 This paper has been written to provide a reasonably complete summary of prediction methods so, rather than presenting only recent validations or extensions, the paper includes all key prediction methods for wave overtopping at vertical, battered, or composite seawalls/breakwaters, with new data or methods introduced where appropriate.
WAVE BREAKING AND OVERTOPPING PROCESSES
The frequency, volume and crest velocity/direction of overtopping events substantially influence safety of people living, working or travelling behind the defence, and of the structure itself. Overtopping rates predicted by empirical formulae generally include 'green water' discharges and splash, since both parameters were recorded during the scale model tests on which these prediction methods are primarily based. For vertical/steep walls fronted by steep slopes or toe berms, combinations of shoaling waves and steep slopes may lead to large waves plunging directly onto the wall, see example in Fig. 3 . Here overtopping flows are sudden, and cannot be regarded as originating from normal wave up-rush processes.
Any discussion on wave interaction with defence structures requires that the key wave processes be categorised so that these different processes may be separated. In the past, terms such as 'breaking' and 'non-breaking' have been used, but these are both imprecise, and can convey erroneous messages. Although universal definitions are not yet agreed, key terms are defined below to describe breaking or overtopping processes in this paper.
For beaches and gently sloping structures, the physical form of the wave near maximum run-up can be predicted using the well-established surf similarity parameter (or Iribarren number) defined in terms of beach slope (a), and wave steepness (s op , or sometimes s om ).
3), and 'collapsing' 2 . 3 , j op , 3 . 2) conditions to 'surging' (j op . 3 . 2). There exists no sharp delineation from one regime to the next, although a useful distinction can be made more clearly between conditions where the wave actively breaks onto the slope (plunging), and those under which the wave simply runs up and back down without violence (surging), see Fig. 4 . On sloping structures, these definitions are commonly used in calculating armour stability for rubble mounds, see the CIRIA/CUR Rock Manual, 13 or for overtopping see References 14 and 15.
On steep walls (vertical, battered or composite), 'pulsating' conditions occur when waves are relatively small in relation to the local water depth, and of lesser wave steepness. These waves are not critically influenced by the structure toe or approach slope. Waves run up and down the wall giving rise to (fairly) smoothly varying loads.
In contrast, 'impulsive' conditions occur on steep walls when waves are larger in relation to local water depths, perhaps shoaling up over the approach bathymetry or structure toe itself. Under these conditions, some waves will break violently against the wall with (short-duration) forces reaching 10 to 40 times greater than for 'pulsating' conditions. 16, 17 For steep/vertical walls, the onset of impulsive breaking is given primarily by the slope and/or width of the approach slope or toe berm, and by the incident wavelength. Methods to distinguish between breaking/response types for wave forces have been developed within the PROVERBS project. 8, 18 A different approach was developed for overtopping by Besley et al. 9 using a wave breaking parameter, h Ã , based on depth at the toe of the wall, h s , and incident wave conditions inshore
Analysis by Allsop et al., 16 reported by Besley et al. 9 suggest that pulsating conditions predominate at the wall when h Ã . 0 . 3, and impulsive conditions occur when h Ã 0 . 3. This is discussed in Section 3 and illustrated further in Section 4 below.
Another helpful distinction describes the physical form of overtopping. Overtopping when waves break onto or over the seawall generally generates 'green water' where the overtopping volume is relatively continuous. For waves that break seaward of the face of the structure, or where the seawall is high in relation to the wave height, overtopping may be as a stream of fine droplets. This 'violent overtopping' or 'splash overtopping' can be carried over the wall under their own momentum, or may be driven by onshore wind. Violent overtopping may also be 20 has yet to be developed.
OVERTOPPING PREDICTION METHODS

Introduction
The simplest and most robust method to predict wave overtopping is by use of a set of empirical equations relating overtopping discharges to seawall crest level, wall configuration and roughness, sea bed slope or toe berm size, local water depth and wave conditions. Such design methods are generally configured to calculate the crest freeboard (R c ) required to give an acceptable mean discharge. Empirical models or formulae use relatively simple equations to describe mean overtopping discharges, q, in relation to defined wave and structure parameters. As with any empirical method, these may be limited to relatively simple structure configurations. Use out of range, or for other structure types, may require uncertain and insecure extrapolation of the equations or coefficients.
This section gives guidance on overtopping prediction formulae for a variety of structures, together with new supporting data where appropriate. Section 3.2 reviews existing methods for the prediction of wave overtopping on simple slopes and Section 3.3 then examines plain vertical walls, making the case for the importance of distinguishing between pulsating and impulsive conditions. Section 3.4 gives new guidance for overtopping at the steeply sloping 'battered' walls that are found commonly. Section 3.5 examines prediction tools for composite structures and finally, Section 3.6 presented new guidance for overtopping of walls under conditions where very shallow water in front of the wall sees all waves reaching the wall already broken.
Overtopping on slopes
Rural seawalls on the coasts of Denmark, Germany, the Netherlands and the UK are often of simple trapezoidal section, formed by sandy and weaker clays requiring slopes of 1 : 4 to 1 : 8. In the UK the use of stiff clays allows relatively steep slopes of 1 : 2 to 1 : 4. Overtopping of these steeper slopes was related to freeboard R c , and wave parameters H s , T m by Owen. 4, 22 Owen defined dimensionless discharge and freeboard parameters Q Ã and R Ã
Owen's equation was of exponential form (see Fig. 5 ) with roughness coefficient, r, and empirical coefficients A and B for each slope given in the Environment Agency overtopping manual by Besley
Equation (5) is valid for 0 . 05 , R Ã , 0 . 3. The form of Owen's equation is simple and monotonic. For embankments with small relative freeboards and/or large wave heights, predictions of overtopping discharge converge, indicating that the slope angle no longer has much influence in controlling overtopping. At this point, the slope is said to be 'drowned out'. Over the normal range of freeboards, the characteristics for slopes of 1 : 1, 1 : 1 . 15 and 1 : 2 are similar, but overtopping reduces significantly for slopes shallower than 1 : 2. Increasing wave height or period increases overtopping discharges, as does reducing the freeboard, either by lowering the crest or increasing the water level. Owen's method was developed for smooth slopes, but the roughness coefficient, r, allowed it to be extended to rough and even armoured slopes.
Alternative prediction methods for smooth and armoured slopes have been developed since 1980 for sea dykes by de Waal and van der Meer, 19 van der Meer and Janssen 14 and van der Meer et al. 15 The formulae that these references recommend distinguish between plunging and surging conditions on the structure slope as defined by the surf similarity parameter, j op , and use different definitions of dimensionless discharge for breaking waves, Q b , or dimensionless freeboard, R b
where g b , g h , g f and g b are reduction factors for berm width, shallow depth, roughness and wave obliquity. The
' conditions when j op . 2, using different parameters, Q n ¼ dimensionless discharge for surging waves, and R n ¼ dimensionless freeboard
where the prediction equation for overtopping under 'surging' conditions is given by Q n ¼ 0Á2 exp(À2Á6R n )
11
As for the exponent in equation (8), the exponent in equation (11) is a mean value through the data and is quoted +0 . 35. An exponent of 22 . 3 is quoted as a conservative predictor. Equations (8) and (11) 
Overtopping on vertical walls
The development of formulae to predict overtopping for vertical walls followed a similar path towards single or monotonic formulae. Graphical methods by Goda et al. 25 led to development of a dimensionless depth parameter, h Ã (equation (2)). The need to separate pulsating and impulsive breaking is illustrated in Fig. 6 which is valid over 0 . 05 , R h , 1 . 0, where
It is important to note that these equations were originally derived using small-scale model test data, but were later tested against full-scale data from field measurements obtained by Herbert 28 and showed relatively good agreement.
Measurements at small scale from the VOWS tests at Edinburgh were compared by Bruce et al. 10 with equation (14) (Fig. 8) . In general, agreement between these data and the prediction is remarkably good, particularly given the wide range of dimensionless freeboards covered. There is a tendency for divergence from the original line of equation (14), so a slightly revised prediction line is suggested
which is valid over 0 . 05 , R h , 1 . 0.
Overtopping on battered/inclined walls
Within the VOWS study, the tests for vertical walls were repeated for near-vertical walls with 10 : 1 
for impulsive conditions on 10 : 1 battered walls and
for impulsive conditions on 5 : 1 battered walls.
Overtopping on composite walls
Studies within the PROVERBS project on vertical breakwaters 8 have illustrated how a relatively small toe berm can change wave breaking characteristics, thus substantially altering the type and magnitude of wave loadings. Besley 6 notes that many vertical seawalls may be fronted by rock mounds with the intention of protecting the toe of the wall from scour (Fig. 11) . The toe configuration can vary considerably, potentially modifying the overtopping behaviour of the structure. Three types of mound can be identified.
(a) Small toe mounds which have an insignificant effect on the waves approaching the wall; here the toe may be ignored and calculations proceed as for simple vertical (or battered) walls. (b) Moderate mounds, which significantly affect wave breaking conditions, but are still below water level.
Here a modified approach is required. (c) Emergent mounds in which the crest of the armour protrudes above still water level. Prediction methods for these structures may be adapted from those for crown walls on a rubble mound, but are not discussed further here.
For overtopping of composite seawalls, Besley et al.
When d Ã . 0 . 3, the mound was classified as small and overtopping could be predicted by the standard method given previously for 'pulsating' conditions (equation (13)). 
where
Results from the VOWS tests generally supported the use of this approach as a conservative prediction, but as presented by Bruce et al. 10 suggested that the prediction line of equation (21) might lie towards the upper bound of the data rather than representing any central estimate.
Re-examining the original data, it appears that the limit for 'impulsive' conditions on composite structures is better set at d Ã 0 . 2 (rather than d Ã 0 . 3), provided that this is only applied for conditions where h Ã 0 . 3. This lower limit for the onset of impact conditions than recommended by Besley 6 is also partially supported by measurements of overtopping velocities described in Section 4. Measurements limited by d Ã 0 . 2 are re-processed here in Fig. 12 , and a more central estimate with less scatter is given by the revised prediction
which is valid for h Ã 0 . 3 and d Ã 0 . 2.
Overtopping of broken waves
Many seawalls are constructed at the back of a beach such that breaking waves never reach the seawall, at least not during frequent events where overtopping is of primary importance. For these conditions, particularly for typical shallow beach slopes, m , 1/30, design wave conditions may be given by waves which start breaking (possibly quite some distance) seaward of the wall. 'Broken' waves are inherently much less likely to re-form to give a plunging breaker, and so they are less likely to give 'impulsive' conditions at the wall.
In the region where the water depth at the toe is positive, h . 0, and 'broken' waves predominate (i.e. when dimensionless freeboard R h , %0 . 03), tentative guidance is suggested by Bruce et al. 30 based on a modification and extrapolation of Besley's method (equation (14)). The modified equation below is plotted as the lower line in Fig. 13
which is valid for R h , 0 . 03.
For conditions falling in the range 0 . 03 , R h , 0 . 05, the data from Bruce et al. 30 suggest that it will probably be safe to extrapolate Besley's method (equation (14)) slightly outside of its recommended range, shown in the upper dotted line in Fig. 13 .
For configurations where the toe of the wall is above water, h , 0, Bruce et al. 30 suggest an adaptation of the prediction equation for plunging waves by van der Meer and Janssen 14 using the sea bed slope of tan a in evaluating Q b defined in equations (6) - (8), and an adjusted dimensionless freeboard R ba defined in equation (27) 
26
which is valid over 1 . 0 , R ba , 4 . 0
The results of this analysis are compared in Fig. 14 with predictions for sloping structures by van der Meer and Janssen.
14 Despite the differences between the structure in this study and those examined by van der Meer and Janssen, the overtopping characteristics are broadly similar. Equation (26) above is used to adjust the prediction of van der Meer and Janssen 14 in Fig. 14 . 
OVERTOPPING VELOCITIES
A key consequence of wave overtopping is the direct hazard presented to people or vehicles in the path of the discharge. Although the amount of water overtopping is of course linked to the level of this direct hazard, the velocity with which the water hits an object in its path must also be an important parameter in assessing hazard. The importance of the form of wave breaking onto vertical/battered walls demonstrated throughout Section 3 is further illustrated by the first measurements of overtopping velocities (peak vertical speeds) by Pearson et al. 12 and Bruce et al. 11 at both small and large scales.
Video records were analysed of the largest 20 individual overtopping events (in N z ¼ 1000 waves). The upward velocity (u z ) of the leading edge of the water was estimated from frame-by-frame analysis, and u z was non-dimensionalised by the inshore wave celerity c i , given by c i ¼ (gh) 0Á5 .
These relative velocities are plotted in Fig. 15 against the wave breaking parameter, h Ã .
It is noticeable in Fig. 15 that, when h Ã . 0 . 2, the non-dimensionalised throw velocity is roughly constant at u z /c i % 2 . 5, but these velocities increase very significantly when h Ã 0 . These measurements confirm that hazards derived from overtopping discharges may vary dramatically with changes of wave breaking characteristics. The largest velocities measured here for vertical/composite walls suggest prototype velocities equivalent to u z ¼ 40 m/s, at which speed an individual overtopping volume of even V max ¼ 10 litre per metre run may be imagined to pose a serious hazard.
OVERTOPPING CASE STUDIES
The use of prediction methods described above may be illustrated by examining overtopping at the forward vertical part of the composite seawall at the Samphire Hoe reclamation (just west of Dover). The reclaimed land was formed by 5 million m 3 of chalk spoil excavated from the Channel Tunnel. The vertical wall part of the composite sea defence in Fig. 16 is exposed to waves from south and south west, but is popular with walkers and anglers. Eurotunnel was concerned to ensure that access to Samphire Hoe was safe, so commissioned an overtopping hazard warning system, developed during the period 1996 -2002. Methods by Sayers et al. 33 and Gouldby et al. 34 used direct observations to identify ranges of water level and wave conditions giving hazards. The UK Met Office's local area numerical weather model predicted hourly wind speeds 24 h in advance, and hence allowed the calculation of wave conditions at Samphire Hoe using forecasting and transformation models. On site, four levels of hazard were used to record observations. to support a safe overtopping limit for the public on a seawall promenade given by q safe 0 . 03 l/s per m. As expected, the more severe hazards in that analysis occurred for higher wave heights, but there was no such correlation between hazards and tide levels, despite water levels ranging over 6-7 m. Experiments to measure wave overtopping at Samphire Hoe are described by Pullen et al., 35 with a detailed comparison with laboratory measurements given by Pullen et al.
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Hazards at Samphire Hoe can occur at high and low water levels. This can be explained by careful use of the overtopping prediction methods described in Section 3 of this paper, although a few methods may need to be used out of their recommended ranges to cover the full range of likely water levels and wave conditions at Samphire Hoe. For the larger waves, the predictions follow an expected form, with overtopping reducing slowly with reducing water level (increasing freeboard). For smaller waves, the response is more complicated. The diagonal lines towards the bottom right of Fig. 17 predict overtopping discharges for smaller wave heights under 'pulsating' wave conditions. For these, however, reducing water levels can lead to the onset of 'impulsive' breaking as waves shoal over the toe berm. At this point, the overtopping equation changes suddenly, giving an abrupt increase in overtopping over a relatively small drop in water level. For the lowest wave conditions considered here, the dotted sections of line in Fig. 17 represent some extrapolation of the methods outside of their recommended range so it is possible that the 'step' change in overtopping will be less dramatic than shown. The same change, but to smaller degree, is however shown for larger wave conditions, and observations by the authors at sites such as Alderney and Scarborough confirm the general trend of relatively rapid change of overtopping behaviour.
DISCUSSION
Vertical, battered and composite walls may provide excellent defences against wave overtopping, but processes of overtopping are complex, and overtopping performance may depend critically on the type of wave breaking at the seawall. It is noted particularly that overtopping of vertical/ composite walls may increase when water levels fall, and vice versa. This paper has assembled data and guidance developed over the last 10 years to predict mean overtopping discharges for simple vertical walls; 5 : 1 and 10 : 1 battered walls; composite walls with toe berms. Guidance is given for 'pulsating', 'impulsive' and 'broken' wave conditions. These prediction methods are illustrated for a test case, showing some of the dramatic (and sometimes unexpected) effects on overtopping.
Additional data are presented to give an appreciation of upward jet velocities for 'impulsive' conditions at simple vertical walls.
The model tests discussed here did not include the effects of wind. It is possible that wind may alter wave overtopping discharges at vertical walls, but it is not certain that it will always increase overtopping. Studies that have tried to capture the 'upper limit' of wind-affected overtopping suggest that increases may be no more than three times. 20 Further data on overtopping with and without wind will be needed to test these initial views, and to quantify any spatial effects on overtopping. 21 These methods are based primarily on small-scale data. Implicit in the use of these data to generate dimensionless empirical prediction equations is the assumption that smallscale results can be scaled to full scale without the need for any significant correction. It is important to test and to verify or qualify this assumption.
All empirical methods involve simplifications. Real structures are complex in form, often variable in space and time, and are attacked by three-dimensional waves with potential for local concentrations and related effects. Where a sea defence structure must provide safety to people or valuable infrastructure, the design method must provide predictions to appropriate levels of reliability, so this still may require site specific physical model tests.
CONCLUSIONS
Current UK guidance as described by Besley 6 
which is valid for h Ã 0 . 3 and d Ã 0 . 2, where
For conditions under which waves reaching the wall are all 'broken', two new formulae are suggested depending upon whether the toe of the wall is above or below the still water level.
For a water depth at the wall .0: switch to the adjusted form of Besley
which is valid for R h 0 . 03. Velocities of overtopping jets on vertical walls may be estimated as six to 10 times the inshore wave celerity under 'impulsive' conditions, whereas a multiplier of 2 . 5 is typical for 'pulsating' conditions.
The importance of there being two very distinct physical overtopping regimes ('impulsive' and 'pulsating') is repeatedly emphasised. Not only must different prediction tools be employed, but the different conditions may give quite different hazards. A case study has illustrated that the switch between regimes with changes in water level through a tidal cycle can give rapid (and unexpected) changes in overtopping discharge and hazard.
